Background. Hypophosphatasia (HPP) is caused by loss-of-function mutation(s) of the gene that encodes the tissuenonspecific isoenzyme of alkaline phosphatase (TNSALP). Consequently, cell-surface deficiency of TNSALP phosphohydrolase activity leads to extracellular accumulation of inorganic pyrophosphate, a natural substrate of TNSALP and inhibitor of mineralization. Children with HPP can manifest rickets, skeletal pain, deformity, fracture, muscle weakness, and premature deciduous tooth loss. Asfotase alfa is a recombinant, bone-targeted, human TNSALP injected s.c. to treat HPP. In 2012, we detailed the 1-year efficacy of asfotase alfa therapy for the life-threatening perinatal and infantile forms of HPP.
Introduction
Hypophosphatasia is the inborn error of metabolism caused by loss-of-function mutation(s) of the gene that encodes the tissue-nonspecific isoenzyme of alkaline phosphatase (TNSALP) (1, 2) . TNSALP is a cellsurface phosphohydrolase richly expressed in bone, liver, and kidney (3) , and deficient TNSALP activity in hypophosphatasia leads to extracellular accumulation of its natural substrates, including inorganic pyrophosphate (PPi) (4) and pyridoxal 5′-phosphate (PLP) (5) . PPi is a potent inhibitor of mineralization (6) , and the excessive PPi in hypophosphatasia can block hydroxyapatite crystal formation within the skeletal matrix (7, 8) , causing rickets during growth (9) or osteomalacia in adult life (10) . Impaired hydrolysis of PLP in severely affected babies can lead to neurotransmitter deficiency and vitamin B 6 -dependent seizures (11) . The clinical expressivity of hypophosphatasia is classified according to whether there are dental complications alone (odontohypophosphatasia) or to patient age when skeletal and other problems first manifest (1, 2, 12) . Perinatal hypophosphatasia is almost always fatal soon after birth (13) , and infantile hypophosphatasia has a mortality estimate of 50% during the first year of life (1, 2) . Childhood hypophosphatasia features rickets often complicated by skeletal pain, fracturing, muscle weakness, abnormal ambulation or gait, and premature loss of deciduous teeth (1, 2, 14) .
Asfotase alfa is a recombinant, bone-targeted, human TNSALP developed to treat hypophosphatasia (15) . In 2012, we reported that infants and young children (≤3 years of age) with life-threatening perinatal and infantile hypophosphatasia showed substantial radiographic healing of rickets, improved respiratory status, and better physical function during 1 year of asfotase alfa treatment (9) . Here, we assess the impact of 5 years of asfotase alfa treatment in a separate cohort of older children (6-12 years of age) with either infantile-or childhood-onset disease who were substantially impaired by hypophosphatasia, including effects on their skeletal manifestations, growth, physical function, and quality of life.
Results
Patient Characteristics. Thirteen children -11 boys and 2 girls with infantile hypophosphatasia or compromised by childhood hypophosphatasia (16) -were enrolled between September 2009 and January 2010 for treatment ( Figure 1 ). Their case summaries are detailed in the Supplement; supplemental material available online with this article; doi:10.1172/jci.insight.85971DS1. Enrollment ages ranged from 6-12 years (Table 1) . Reported skeletal abnormalities included knock knees (77%), rachitic chest (46%), bowing of leg(s) (39%), and craniosynostosis (31%) and were accompanied by muscle weakness in most patients and an unusual gait in all. Bone pain often limited activities (46%) and/or required analgesics (39%). Nearly half the patients had poor weight gain and prior difficulty feeding. Hypercalcemia had occurred in 31%. After 1 month of treatment, 1 boy withdrew for elective scoliosis surgery. Figure 2 is an example of the radiographic abnormalities that can be observed in a child with untreated hypophosphatasia.
The 16 historical controls -11 boys and 5 girls with infantile or childhood hypophosphatasia - During the 6-month initial phase involving 13 participants, 1 child withdrew for elective surgery after 1 month of treatment. The remaining 12 were assessed up to 5 years (60 months) of treatment and continue on study. Data were pooled across these 2 phases for analysis. The radiographic findings were contrasted to 2-year experience with 16 historical control patients. *ClinicalTrials.gov: NCT00952484, NCT01203826. LOCF, last observation carried forward.
were slightly younger compared with the treatment group when their first study-eligible radiographs had been taken, and they had a lower median serum ALP level than the treatment group. All other assessed characteristics, including their medical histories and demographic findings, were similar to the treatment group (Table 1) . Primary endpoint: skeletal radiographic changes. After 6 weeks of asfotase alfa administered s.c., the median Radiographic Global Impression of Change (RGI-C) score (see Methods) had improved significantly (+1.0 [0.0, +2.0; min, max]; P = 0.001). Except where noted, values are expressed as median (min, max). 
C L I N I C A L M E D I C I N E
Further improvement occurred by 6 months (Figure 3 ) and persisted through 5 years (+2.2 [+1.7, +2.7]; P = 0.0005) (see Supplement) . For no patient did the score worsen. However, at 5 years of treatment, the median score had not reached +3 for complete or nearly complete healing of all treated patients. In contrast, no significant change occurred in the RGI-C score of the historical controls spanning up to 2 years ( Figure 3 ). The RGI-C responder analysis showed 69% (9/13) of treated patients achieved "responder" designation (RGI-C score ≥ +2) at 6 months of therapy (last observation carried forward [LOCF] data imputation applied) compared with 6% (1/16) of the historical controls (P = 0.007). The percentage of treated patients considered responders then further improved steadily; 75% at 2 years, 88% at 3 years, and 92% at 5 years (1 patient had withdrawn at month 1). Representative radiographs are illustrated in Figure  4 . Consistent with the RGI-C findings, the Rickets Severity Score (RSS; see Methods) analysis confirmed improvement of rickets with treatment (documenting significantly decreased median RSS scores comparing the first eligible radiographs with all subsequent evaluated time points) as contrasted to the historical controls (Supplemental Table 1 ).
TNSALP replacement and substrates. Twelve of the 13 treated patients had at least 1 mutant TNSALP allele identified using PCR and DNA sequencing of all coding exons and splice sites (Supplemental Table 2 ). The exception (patient 11) has not shown a TNSALP gene mutation despite extensive molecular investigations. The median serum ALP activity of the treatment group at baseline was 49 IU/l (min, max: 27, 68; see Supplement for age-and sex-specific normal ranges for each patient) and then rapidly increased, presumably reflecting asfotase alfa activity, with treatment. At 5 years of therapy, it remained markedly elevated at 5747 IU/l (3, 039, 9, 959) . Baseline plasma PPi median concentration, 4.9 μM (3.7, 7.0), was near the upper limit of the age-dependent reference range (0.75-5.71 μM). Baseline plasma PLP median concentration, 218 ng/ml (76, 527), was clearly elevated (normal 5.7-61.2 ng/ml). At 6 weeks of treatment, rapid and significant reduction of plasma PPi and PLP concentrations had achieved the normal limits for most treated patients (2.0 μM [1.3, 3.1] and 10.6 ng/ml [0.9, 40.3], respectively). Then, normal levels generally persisted throughout the study (Supplemental Figure 1) .
Growth. With treatment, the first significant increase in the group's weight Z scores ( Figure 5A ) was identified at 6 weeks (baseline: -1. Strength. Most treated patients became stronger for their age and sex; e.g., right hip abduction baseline median at 13.6 lbs was 7.3 and 22.1 (min, max, respectively; 50% predicted for healthy peers). At 6 months, 18.3 lbs, minimum and maximum values were 8.4 and 28.2, respectively (P = 0.0018 or 60% predicted). At 5 years, 30.7 lbs, minimum and maximum values were 19.5 and 84.4, respectively (P = 0.0079 Untreated, the radiographic features of hypophosphatasia in children (e.g., patient 7) include, as in the wrist pictured, osteopenia, metaphyseal fraying, metaphyseal flaring, and metadiaphyseal sclerosis, and as in the knee pictured, characteristic "tongues" of radiolucency, irregularity of the provisional zone of calcification, distal metaphyseal demineralization, transverse subphyseal band of lucency, and apparent physeal widening. insight.jci.org doi:10.1172/jci.insight.85971
or 91% predicted). Significant improvements were similarly documented for hip and knee extensors and knee flexors (Supplemental Figure 2) .
Physical function. Before treatment, gross motor delays and functional disability were documented in most patients; e.g., 9 of the 13 had a subnormal (<80% predicted) 6-minute walk test (6MWT). After 5 years of treatment, 7 of these 9 children achieved or surpassed 80% of the predicted distance (± 2 SD mean), indicating normal ambulation. The median score increased from 61% at baseline to 83% at 5 years (P = 0.0002; Figure 6A ; Video 1; Supplemental Figure 3) .
The median value for the Bruininks-Oseretsky Test of Motor Proficiency, Second Edition (BOT-2) Strength and Agility Composite Score at baseline (28.0 [20.0, 37.0]; percentile rank = 1.0) was greater than 2 SD below the median score of 50 for healthy, age-matched peers (17) . During treatment, it improved, reaching the normal range after 1 year, and was significantly better after 5 years (46.0 [33.0, 64.0]; P ≤ 0.0001; percentile rank = 35.0) ( Figure 6B ; Video 2; Supplemental Figure 4 ). The magnitude of change in the standard scores indicated gross motor function within the normal range (± 1 SD mean).
Pain and disability assessments. Improvements in the above effort-dependent functional tests were substantiated by the parent-reported Child Health Assessment Questionnaire (CHAQ) and Pediatric Outcomes Data Safety. There were no deaths, serious adverse events (AEs), or withdrawals due to AEs. One patient receiving asfotase alfa 9 mg/kg/week s.c. underwent dose reduction for a low plasma PLP level. Four patients had injection-associated reactions (IARs) (10 events) during the first month of treatment. All were injection-site reactions (ISRs), with the exception of nausea and peripheral edema in 1 patient, and all were assessed by the investigators as mild. Each patient experienced at least 1 treatment-emergent AE; 86% mild and 14% moderate in severity. Most AEs (53%) were considered by the investigators to be unrelated to the treatment. When we excluded the ISRs, 2% of AEs were deemed treatment related. The most common therapy-related AEs were ISRs that were typically mild ( Table 2 and Supplemental Figure 5A ). For 8 patients, 26 events were considered focal lipohypertrophy, of which 8 were moderate in severity (Supplemental Figure 5B) ; the others were mild at data cutoff, and no dose adjustments were made. The lipohypertrophy occurred for 6 patients receiving 6 injections weekly and 2 patients receiving 3 injections weekly, all receiving the same weekly dose (mg/kg) of asfotase alfa. At 3 years of treatment and thereafter, localized lipohypertrophy persisted in 6 of the 8 patients. The dose of asfotase alfa was reduced for 1 patient with mild ISRs (multiple macules). To minimize ISRs, injection-site rotation was emphasized for all patients.
Surveillance of the patients' radiographs showed no evidence of ectopic calcification. On ophthalmoscopy, the retinal examinations were consistently unremarkable. However, 46% (6 of 13) of the patients showed small refractile deposits in the conjunctiva or cornea presumed to contain calcium. For 5 patients, these were considered possibly or probably related to the treatment. No deposit was deemed clinically apparent or significant. No patient developed nephrocalcinosis, although after approximately 2 years of treatment, renal sonography revealed "focal echogenicity" consistent with a small renal stone present for 6 months in 1 kidney of 1 patient.
All 12 patients tested would show anti-asfotase alfa antibodies. Five of the 6 patients who began treatment in the 3 mg/kg dose group were antibody positive by Week 6, and all were antibody positive at Week 12 of treatment. In those starting in the 2 mg/kg dose group, 1 patient was antibody positive by Week 6, and 5 patients were positive by Week 48. In 5 of the 12 patients, the antibodies were neutralizing in vitro at 1 or more time points, but with no apparent compromise of therapeutic efficacy. 
Discussion
Hypophosphatasia features the greatest range of severity of all skeletal diseases (1) and represents the last rickets or osteomalacia to have a medical treatment (2, 18) . Asfotase alfa is a first-in-class, bone-targeted, enzyme replacement therapy for hypophosphatasia (2) .
In this study, asfotase alfa was administered for the first time to older children (6-12 years old) impaired by the infantile and childhood forms of hypophosphatasia, all of whom had skeletal involvement, muscle weakness, and/or difficulties with ambulation. Due to the rarity of hypophosphatasia (1), a concurrent control group was not possible, but evaluation of the primary outcome objective (12) concerning the radiographic changes of this disorder was improved using radiographs from a pediatric historical control group, also with infantile or childhood hypophosphatasia, assessed concomitantly by the same radiologists.
Skeletal improvement with asfotase alfa therapy was verified using 2 scales to study (9) the sequential radiographs of the 12 treated patients and the 16 age-and sex-matched historical control patients. Both scales documented no change in the controls but instead documented substantial healing of the skeletal disease after 6 months of treatment that persisted through the 5 years of therapy. Skeletal healing did not become complete for all patients.
As the weakness improved and the skeleton mended, there was substantially better physical function, including walking distance, and most patients showed improved growth. Gross motor function, strength for all proximal muscles tested, agility, and stamina typically achieved their normal ranges and together were the basis for independent and age-appropriate performance of daily living activities. For most patients, their pain and disability resolved. Consistent with the radiographic findings, the treated patients demonstrated better skeletal mineralization assessed as bone mineral density quantitated by dual-energy x-ray absorptiometry and histomorphometry of transiliac crest bone biopsies (data not shown). Low titers of anti-asfotase alfa antibodies were found in all patients tested, but there was no evidence of resistance to this biologic.
Although the pathogenesis of the muscle weakness of hypophosphatasia is not understood (1, 2) , it can be an important complication. Notably, the muscle weakness, hyperphosphatemia, and rickets or osteomalacia characteristic of hypophosphatasia (1, 2) are hallmarks of toxicity from the first-generation bisphosphonate, etidronate, a synthetic analog of PPi (19) . Perhaps the high extracellular levels of PPi in hypophosphatasia somehow compromise muscle function and are corrected by asfotase alfa treatment.
No deaths or safety-related discontinuation of therapy occurred during this study. Asfotase alfa treatment was generally well tolerated and safe. Although it markedly increased circulating ALP activity, no clinically important ectopic mineralization occurred. Possibly, avoidance of ectopic calcification in our treated patients reflected reduction of extracellular PPi levels into the normal range but not overcorrection (i.e., suppression) (19) . The most common AEs were mild to moderate ISRs. Lipohypertrophy appeared in some children, but its pathogenesis is unknown. In conclusion, asfotase alfa treatment has substantial efficacy for children impaired by hypophosphatasia. Better stature and improved strength and agility accompanied significant healing of the skeletal manifestations and persisted through 5 years of treatment. The treatment was well tolerated and seemed safe, with a favorable benefit-risk profile. In 2015, asfotase alfa became the only approved medical therapy for hypophosphatasia in Japan and the only approved medical therapy for pediatric-onset hypophosphatasia in Canada, the European Union, and the United States.
Methods

Study design.
This open-label study (NCT00952484 and NCT01203826) sponsored by Alexion Pharmaceuticals Inc. evaluated the efficacy, safety, tolerability, and pharmacokinetics of asfotase alfa given to children compromised by hypophosphatasia. The study began as a 6-month assessment of 6-to 12-year-old, Tanner stage ≤2 survivors of infantile hypophosphatasia or patients with childhood hypophosphatasia (16) . Those who completed this initial study entered an extension phase (Figure 1 ). Our report summarizes the findings during their first 5 years of treatment. The data cutoff was November 5, 2014; the study is ongoing.
Inclusion criteria required radiographic skeletal features of hypophosphatasia-related rickets, serum ALP activity below age-adjusted lower limits of normal, and plasma PLP levels at least twice the upper limit of normal. Serum 25-hydroxyvitamin D had to be greater than or equal to 20 ng/ml (50 nM). Exclusion criteria included treatable rickets, hypocalcemia, hypo- phosphatemia, or bisphosphonate exposure (see Supplemental Methods). Radiographic skeletal changes during the first 2 years of asfotase alfa treatment were compared with similar but untreated pediatric historical controls with hypophosphatasia who had been studied at Shriners Hospital for Children but were too old for the treatment study or declined participation. Their bilateral wrist and/or knee radiographs, previously obtained at intervals spanning 6 months to 2 years between 5 and 12 years of age, were evaluated as close to 6 months or 1-2 years apart for comparison with the treatment group.
Asfotase alfa was provided by the sponsor, Alexion Pharmaceuticals Inc. Patients to receive s.c. injections of asfotase alfa (40 or 100 mg/ml concentration) were initially randomized to 2 or 3 mg/kg thrice weekly (i.e., 6 or 9 mg/kg/week) for 6 months (Figure 1 ). In the extension study, patients initially received 3 mg/kg/week either as 0.5 mg/kg 6 times weekly or 1 mg/kg thrice weekly until preliminary analysis led to a protocol amendment that doubled the dose to 6 mg/kg/week to maintain therapeutic efficacy. Doses could be adjusted by the investigator together with the sponsor for safety concerns (any time) or lack of efficacy (extension phase only). Since a separately identified historical control patient group was used for comparison, there was no randomization between the drug-treated and control patients. 
